This work provides a comprehensive study of the incorporation behavior of B in growing GaAs under molecular beam epitaxy conditions. Structural characterization of superlattices revealed a strong dependence of the BAs growth rate on the GaAs growth rate used. In general, higher GaAs growth rates lead to a higher apparent BAs growth rate, although lower B cell temperatures showed saturation behavior. Each B cell temperature requires a minimum GaAs growth rate for producing smooth films. The B incorporation into single thick layers was found to be reduced to 75-80% compared to superlattice structures. The p-type carrier densities in 1000 nm thick layers were found to be indirectly proportional to the B content. Furthermore, 500 nm thick B x Ga 1Àx As layers showed significantly lower carrier concentrations, indicating B segregation on the surface during growth of thicker layers.
Introduction
Boron-arsenide has not been characterized to the same detailed level as other binary III-V materials. Naturally, there are only sparse reports for the bowing parameters of the ternary alloy B x Ga 1Àx As. This lack of data is mainly caused by difficulties in the epitaxy of BAs or B x Ga 1Àx As layers. The compositional range of B x Ga 1Àx As spans zincblende lattice parameters from 0.4777 nm to 0.56535 nm, devoid of suitable substrates for epitaxial growth. Furthermore, B does not only act as group III substitutional atom and form simple random alloys, as it is the case for Al x Ga 1Àx As, In x Ga 1Àx As and In y Al 1Ày As. Antisite defects resulting in acceptor-like behavior were identified in several works for liquid-encapsulated Czochralski (LEC) growth and metal-organic chemical vapor deposition (MOCVD) [1] [2] [3] . B was found to segregate to the surface and crystallize in its subarsenide form B 12 As 2 [3] . Finally, molecular beam epitaxy (MBE) growth studies on B x Ga 1Àx As are not common due to technical difficulties, as B requires either high-temperature effusion cells or electron-beam sources due to its low vapor pressure.
Despite these issues, B x Ga 1Àx As is an interesting candidate for strain-engineering in III-V heterostructures. Strain imposes limitations onto the maximum layer thickness and range of possible compositions for the pseudomorphic growth, e.g. of In x Ga 1Àx As on GaAs or InP. Already the addition of a minor fraction of B allows to balance or compensate compressive strain and therefore provides a greater flexibility in the material selection for multi-layer structures.
Earlier works on MBE-grown B x Ga 1Àx As agree on a decreasing incorporation for substrate temperatures above 550°C [4, 5] . The incorporation at higher temperatures could be recovered using Bi as a surfactant. Furthermore, B was found to act as p-type dopant in GaAs [6] .
In order to integrate B x Ga 1Àx As into more complex structures, it is imperative to understand the incorporation of B, which is not as straightforward as it may seem. We provide a comprehensive study for the incorporation of B into B x Ga 1Àx As layers with respect to different GaAs growth rates. The corresponding samples are analyzed structurally by high-resolution X-ray diffraction (XRD), atomic force microscopy (AFM) and electronically via conductivity and Hall measurements.
Experimental procedure
The samples discussed in this work were grown on nominally on-axis GaAs (0 0 1) substrates by solid-source molecular beam epitaxy using a common substrate temperature of 600°C and excess As 4 flux. Boron flux was supplied from a water-cooled high-temperature effusion cell, which was loaded with B powder (6 N) in a pyrolithic graphite crucible and operated in the range of 1725-1800°C. 1 As superlattices, since they allow an increased total thickness due to strain energy reduction. Additionally, they provide more accurate compositional analysis using the separation between the 0th order diffraction and the substrate around the GaAs (0 0 4) diffraction, as well as the angular spacing of the fringe peaks. The superlattice period and the angular separation between the GaAs substrate and the 0th order superlattice peak serve as two independent results, which can be quantified. Assuming a general applicability of Vegard's law, this allows the fitting of two variables, which are the GaAs growth rate and an apparent BAs rate, respectively [7] . The superlattice structure consisted of ten periods of 14 nm GaAs and 30 nm B x Ga 1Àx As. Furthermore, single thick B x Ga 1Àx As layers were prepared for electrical characterization and compared with superlattice samples grown under similar conditions. All structures were analyzed by high-resolution XRD to determine the superlattice period and position of the 0th-order peak or the corresponding layer peak around the GaAs (0 0 4). The roughness of the topmost B x Ga 1Àx As layer of the superlattice samples was additionally characterized by AFM. Hall measurements were performed on single 500 or 1000 nm thick B x Ga 1Àx As layers, which were grown on semi-insulating GaAs (0 0 1) substrates, using a GaAs growth rate of 0.7 lm/h. Ohmic p-type contacts in the van-der-Pauw geometry were fabricated by thermal evaporation and a lift-off process using a sequence of 5 nm Au/10 nm Zn/100 nm Au.
Results and discussion
Structural characterization of the GaAs/B x Ga 1Àx As superlattices allow an estimation of the B content and provide a measure for the overall layer quality. Compositional analysis by XRD as well as surface morphology studies by AFM are discussed in Sections 3.1 and 3.2, respectively. The electronic properties due to unintentional doping as determined by Hall measurements are summarized in Section 3.3.
Apparent BAs growth rate
A series of superlattice samples with varying GaAs growth rates from 0.2-0.7 lm/h were analyzed by XRD for different B cell temperatures in the range of 1725-1800°C. Representative x À 2h scans around the GaAs (0 0 4) position for a B cell temperature of 1725°C are plotted in Fig. 1 . Except for the lowest GaAs growth rate, all scans show superlattice fringes and Pendellösung oscillations due to the total thickness of the structure.
Corresponding data for superlattices at different GaAs growth rates and B cell temperatures are summarized in Fig. 2 . These data points would be expected to align along horizontal lines for each B cell temperature for a sticking and incorporation coefficient of unity. The fact that there is an obvious dependence on the GaAs growth rate implies that the incorporation of B at the growth surface is not trivial. Similar effects were also observed for MOCVD grown B x Ga 1Àx As layers [3] .
The data points in Fig. 2 distinguish two qualitatively different situations. For effusion cell temperatures of T 6 1750°C, the data series shows an expressed kink around 0.4 lm/h. Lower GaAs growth rates also cause lower apparent BAs rates. Higher GaAs growth rates lead to a saturation of the observed BAs rate. In contrast, the highest B cell temperature of 1800°C showed a linear relation between the GaAs and BAs growth rates. Possible saturation behavior beyond a GaAs rate of 0.7 lm/h can not be excluded, but this range is not accessible for technical limitations. A notable difference compared to the data series at lower B cell temperatures is the lower BAs growth rate, observed for GaAs rates 60.4 lm/h.
The data series for T = 1775°C seem to be at the transition from one regime to the other. It should be noted that the direct relation between GaAs growth rate and B incorporation by keeping the As 4 flux constant and therefore effectively decreasing V/III ratio disagrees with earlier reports, which showed an increasing B content with higher V/III ratios [4] .
Additionally, the incorporation behavior of B was studied for the case of thick layers. A comparison of the obtained apparent BAs growth rates in superlattice and single layer structures for Fig. 3 . A reduced incorporation efficiency in the range of 75-80% is evident over the whole temperature range compared to the thin superlattice layers. One sample was grown at a higher As 4 flux (2.1 Â 10 À5 vs.
different B cell temperatures is plotted in
1.45 Â 10 À5 torr) but is still in-line with the fitted curve.
Surface roughness
The morphology of the topmost B x Ga 1Àx As layer of these superlattice samples was analyzed by AFM scans as another measure of material quality. Surface profiles of samples grown at different GaAs growth rates and B cell temperatures, including extracted RMS values, are shown in Fig. 4 . It is evident that samples grown at lower GaAs rates show a strongly increased roughness with typical values in the range of 110-125 nm. In contrast, samples grown at higher GaAs rates resemble flat wafer surfaces with RMS values around 0.3-0.4 nm. Due to the large discrepancy in feature sizes, roughness analysis was performed on 5 Â 5 lm scans for low growth rates and 1 Â 1 lm scans for higher growth rates.
The observed RMS roughness shows a strong dependence on the GaAs growth rate, as plotted in Fig. 5 
Unintentional doping
The lower than expected B-content in both the superlattices and single layer samples, as discussed in Section 3.1, leads to the conclusion that some amount of the B atoms occupies B As antisites and therefore acts as acceptors. The electronic carrier concentration was investigated for a set of unintentionally doped B x Ga 1Àx As layers with thicknesses of 500 and 1000 nm. All of these structures were grown at a GaAs rate of 0.7 lm/h to ensure a maximum incorporation of B. Carrier densities obtained from four-point conductivity and Hall measurements at room temperature are summarized in Fig. 6 . Fig. 3 . Apparent BAs growth rates for GaAs/B x Ga 1Àx As superlattices and single B x Ga 1Àx As layers. In general, the B incorporation in thick layers is reduced to 75-80%, compared to the thin superlattice layers over the respective B cell temperature range. The single B x Ga 1Àx As layer, which was grown at a B cell temperature of 1765°C and a higher As 4 flux of 2.1 Â 10 À5 torr, compared to 1.45 Â 10 À5 torr for the other samples, indicates that the incorporation behavior is independent of the III/V ratio used. Fig. 4 . Representative AFM images for low and high GaAs growth rates and B cell temperatures of 1725 and 1800°C, respectively. While low GaAs growth rates lead to an RMS rougness exceeding 100 nm, high GaAs rates result in smooth surfaces and preserve the roughness of the initial substrates.
P-type carrier densities for 1000 nm thick layers exhibit a linear decrease with increasing B content. The absolute values in the range of 9 Â 10 18 -1.5 Â 10 19 cm À3 seem in good agreement with previous works [6, 8] . However, there are some significant discrepancies. The relationship between substitutional B atoms and ptype carriers shows a negative linear slope. Every additional B Ga atom corresponds to 0.1 less free charge carriers. While this appears in clear contrast to Ref. [8] , it has to be pointed out that these data were obtained for lower B contents and potentially different growth rates and substrate temperatures, which are not reported in the referenced works. Structures with a B x Ga 1Àx As layer thickness of 500 nm lead to clearly reduced carrier densities. Temperature-dependent measurements for these samples reveal an acceptor concentration of 1.69 Â 10 17 -5.99 Â 10 18 cm À3 at 300 K and a carrier freeze-out around 220 K. Corresponding data are compiled in Fig. 7 . The lowest doping level was reached for a reduced As 4 flux of 8 Â 10 À6 torr during growth. These growth conditions are not fully characterized yet, but indicate an area of future research. The carrier mobility for both 500 nm thick structures was found to be around 35 cm 2 /Vs at 300 K. Compared to p-type GaAs with doping levels of 2 Â 10 17 and 6 Â 10 18 cm À3 , room temperature mobilities above 200 and 100 cm 2 /Vs would be expected [9, 10] .
This deviation suggests that B atoms, in addition to isovalent substitution of Ga and B As antisite behavior, are responsible for further scattering mechanisms, potentially due to charged defects or the formation of B 12 As 2 clusters.
Summary
The incorporation of B into B x Ga 1Àx As layers under MBE growth conditions is shown to strongly depend on the GaAs growth rate. High-resolution XRD scans reveal different incorporation regimes. Low B cell temperatures 61750°C show a direct relation between the B incorporation and GaAs growth rate up to 0.4 lm/h, with saturation behavior above. The highest B cell temperature of 1800°C leads to a linear relation between BAs and GaAs growth rates throughout the whole range studied. In contrast to superlattice structures, the B incorporation in single thick layers was found to be reduced to 75-80%. This deviation may be explained by surface segregation of B atoms during epitaxial growth.
Different incorporation regimes are corroborated by a surface roughness analysis using AFM scans. Samples grown at GaAs growth rates below 0.4 lm/h exhibit an RMS roughness of 110-125 nm, while samples at higher GaAs rates show flat surfaces with an RMS of 0.3-0.4 nm, independent of the B content.
Hall measurements for 1000 nm thick B These findings allow a greater understanding of the B incorporation behavior and therefore enable the design of more complex structures using B x Ga 1Àx As layers for strain engineering. 
